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INTRODUCTION 
The hemp industry in the United States is seriously handioapped in 
two ways. 
1. By the high price of domestio hemp fiber (Cannabis sativa), 
compared to that of imported competitive fibers~ suoh as jute (CorohoruB 
olitorius or £. oapsulans), sisal (Agave sisalina), and manila (~~­
tilis or abaoa). Figure 1 shows the prices of Kentucky hemp, manila, 
sisal, and jute from 1910 - 1938.(94, p. 2541). 
2. By the low yield, 15% to 20%, of commeroially valuable fiber 
from the hemp plant,( 52) • 
It seams probable that the price of hemp fiber oould be reduced and 
that Amerioan hemp produotion could be correspondingly increased were it 
possible to find a commeroial use for the remaining 80% to 85% of the hemp 
plant, commonly oalled hemp hurds. 
Many investigations of this material have been made, but none of the 
proposed processes have been adapted to small, soatteredmills, suoh as 
are found in the hemp produoing regions. Aooordingly, p~oneer work on a 
small plant process was initiated in ~he Chemioal Engineering Department 
of Iowa State College in 1942. The result of this study is the Brown Pro-
cess,(ll) which oonverts hemp hurds to furfural, lignin, and a lignocellu-
losic residue. Uses for furfural and lignin are already commeroial, but 
the lignooellulosic residue remained. 
The objeot of the researoh reported here was to complete the utili-
zation of the hemp plant by finding a use for the above~entioned ligno-
oellulosio residue. It was proposed to transform this m~terial into a 
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plastic molding powder by acetylation • 
. REVlEi'f OF THE LITERATURE 
The Hemp Industry 
History 
It seems somewhat ironica.l, but hemp" itself, contributed greatly to 
the decline of the hemp industry in the Un! ted States. In the early dRYs 
of this country" hemp was grown in great abundance. Homespun fabric of 
hemp clothed the-pioneers who pUShed the frontiers westward. Hemp ,:ope 
was used to rig the Yankee clipper, whose master grew ever more daring in 
his desire for new raw materiRls and new markets. It was this same hemp-
rigged clipper that soon begE\!l to return from the Philippines and the Far 
East with cargoes of manila, sisal, and jute, all cheap, tough. vegetable 
fibers. The domestic hemp market could not stand the competition of these 
imported materials, and hemp beo~~e a minor A~erican crop, locelized prin-
cipally on the Lexington Plains of ,Kentuoky and in the Fox River Valley of 
Wisconsin, (34) • 
At the outbreak of war wit~ Japan in Deoember, 1941, the United States 
Department of A~rioul~ure foresaw imminent danger of being cut of~ from all 
principal sources of hemp supply. Acoordingly, a group known as War Hemp 
Industries was fonned and authorized to construot forty two hemp mills, and 
contract for 240,000 acres of hemp to be planted, including 185,000 aores 
for fiber, and 55,000 aores for seed. The oooperation between the produo-
ers and the government was e:xcel)elD.t. Hemp fiber produotion in the United 
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States rose from 623 tons in 1938 to 70,340 tons in 1943, but by 1945 
had decreased to 3,381 tons, (91, p. 306) 
Except for som~ mechanical improvements in harvesting and milling 
operations the present process of produoing hemp fiber is tho same as that 
used by the pioneer of colonial days. 
Hemp seed is drilled like wheat, and if the land ha.s been properly 
prepared. no cultivation is necessary. Well-rooted hemp will elimina.te 
weeds in the process of growing and will be reedy for cutting in 120 days. 
Common practice in this country is to harvest the hemp stalks with 0. mach-
ine, which cuts the stalks and lays them parallel to each other on the 
ground. The stalks arc exposed to existin~ weather conditions for two to 
eight weeks, depending upon the weather, during which tiine the binding mat-
erial of the stalk's fibers has rotted sufficiently to permit easy separa-
tion of the fibers from each other and from tho hollow, woody core. Vari-
ous modifications of the rottin~ process, such as turning of the stalks to 
expose both sides evenly and rotting under water, have been tried. 
After sufficient exposure in the field, the hemp stalks are shocked 
so that they may partially dry, and thus the rotting process is stopped. 
When partially dried they are transported to the mill where the~r are dried 
further, and separated into three 'main parts -
1. Line fiber 
2. Tow 
3. Hurds 
The separation is mechanical and consists of breaking, soutching, and hack-
ling. Both the line fiber and the tow are baled and shipped for further 
processing. but" the hurds, which comprise 80% of the stelk and conSist, 
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prL~ariJy, of the woody core ~lus some short fibers, are disposed of as fuel 
for heat and power at the mill, or as livestock bedding. Figure 2 presents 
a typical flow sheet of the hemp industry. 
Economics 
Hemp is a comparatively expensive crop to produce, oostjng a.bout four 
t~mes as much as corn, fro!". t.he time the seed is plant~d until the crop is 
ready for the mill, (99" p. 66). However, it can be shown what price the 
corn farmer would expec~ for hemp in order to switch his crops. 
The aver~ge yield of corn in the United States during the ten year per-
iod" 1930 - 1940, was 24.3 bushels per acre. The average market price of 
corn during the sarne period we.s $0.624 per bushel_ (91, p. 39). This re-
presents a gross return of $15.16 per f\cre. The cost of producing an 8.cre 
of corn was approximately $8.00,(99" p. 66). Thus the net return from an 
acre of corn" based on pre-war production figures, avere.!Sf;!d about $7.00. 
The average yield of hemp fiber during the Seme period, 1930 - 1940, WaS 
809 lb. per acre,-(9l" p. 306). The cost of producing an acre of hemp was 
approximately $32.00, (99, p. 66). To exactly equal the return from his 
acre of corn, the farmer would expept to receive $32.00 plus $7.00, or $39.00 
I 
for his 809 lb. of hemp fiber. T~is corresponded to a price of about $0.05 
per pound of fiber. 
During the 1930 - 1940 period the Wisconsin farmer was paid $0.055 per 
tlound of herm fiber at the mill, (67). This might lead to the conclusion 
. . 
that hemp growing should be fully as desirable as corn growing. However, 
one other imtlortant consideration must be made. While in the case of the , 
corn farmer, a profit of $7.00 on an $8.00 investment amounts to an 87.5% 
6 
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return, a profit of $7.00 on a $32.00 investment means only 22.10 return to 
the hemp fanner. 
It must be apparent at this point, that the corn farmer oannot be ex-
pected to turn from a orop which he knows to a crop which he must learn to 
grow, such as hemp, unless he is guaranteed a higher return on his invest-
ment. 
It seemed sensible to ass~~e that a logical point of attack on this 
problelu of making the hemp plant more valuable was the hemp hurd, which re-
presented the bulk of the stalk, and was either burned as fuel or given away. 
Hemp Burds 
COmposition 
Acoording to Blatti8) there is only one species of hemp, and that is 
Cannabis sativa. This species has been divided into different agronomic 
types and has come to be known by a variety of names. Several ~rkers have 
analyzed hemp hurds, and their results are in surprisingly good agreement 
in spite of different raw Inaterial souroes and in spite of the variation 
in methods for these analyses. Table 1 presents the averages of the re-
sults obtained by six analysts over a period of twenty years, Sohwalbe -
Becker, 1919,(78), Rassow - Zschenderlein, 1921, (68), Scurti, 1922, (79), 
Pomilio, 1923, (65), Schafer - Simonds, 1929, (74), and Kraszewski - Her-
manowicz, 1939, (49). 
The analysis of hemp hurds proved them to be sillllar to wood. Inolud-
ed in Table 1, for comparison, is the analysis of Western yellow pine (Pin-
us ponderosa), (101, p. 658). 
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Table 1 
Chemical Composition of Hemp Hurds and Western Yellow Pine, based 
on 100 Parts of Ovendry muterial. 
Constituent Hurds Pine 
Cellulose 49.2 52.4 
Lignin 20.1 26.6 
Pentosans 22.2 14.0 
Fats" "1'] I,axes, and Resins 3~9 8.5 
Ash 2.2 0.5 
'Soluble in VTa.ter 7.3 5.0 
Soluble in 1% NsOH 25.7 20.3 
Accord,ingly" the nature of the hemp hurd led to its study 9.S a wood 
substitut~, and many of its uses have been found in the wood induatry and 
related fields. 
Uses 
Paper - making material. As might be expected with a wood-like raw 
material" the bulk of the work on hemp hurd utilization was done with the 
preparation of a high cellulose content pulp in mind. 1I'1eny references to 
this topic were found" coverin~ the period from 1916· to date, (2,3,,5,7,10, 
13"15,16,,20,,24,,28,32,35,38,,39,44,50,,61,,66,69,,71,,72,75,,96,97). Although 
all the experimenters conoluded that pulping of hemp hurds was technically 
feasible, and could be carried out in standard equipment, no hurds were re-
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ported to be used cownercially in this way. The principal reason probably 
was that the resulting pulp had definite characteristics, such as easier 
hydration. whioh set it apart from commeroial wood pulps. The volume of 
hurds available to anyone paper mill was not suffioiently large to warrant 
the extra care required for their use. 
Plastic compositions. Plastios from hemp hurds were of two general 
types, 
1. Molded without the addition of a second agent. except perhaps 
water to aid in the fonnation of the desired shapes. but chemically modi-
fied by heat and pressure, or both, prior to molding, (6,47,55,56,57,58, 
59,60,77). 
2. Molded in conjunction with at least one adjuvant, such as a 
phenol-formaldehyde resin or aniline, sometimes modified by pre-treatment, 
(18,23,36,45,76,80,100). 
Neither type of plastic exhibited outstanding properties. In most 
cases the hemp hurd composition was inferior. 
Miscellaneous uses. Hemp hurds have been found suitable as a raw mat-
/ 
erial for a variety of other products,' including the followings stock food, 
(70,48), absorbent for explosives,(30). paoking,(25), charcoal,(37), pyro-
ligneous acid,(22,73), tar,(22,73),'potassium oxide,(4),"furaldehyde,(14), 
fuel briquets,(9), fertilizer,(54), animal bedding,(54), wax,(54), alcohol, 
(54), sugar,(54), fuel gas,(43), binder for plaster and cement,(43} and 
filler for plastics,(17). Recently announced,(l2),was a by-produot from 
wood hydrolysis, whioh might e~sily be derived from hemp hurds. Masonex, 
as the mixture waS oalled. was used as an emulsifying agent, binder for 
10 
coa~ in foundry cores, and in water treating chemioals. 
But the use which was most suitable to the mnall oapacity hemp mills 
was a process developed by Brown at Iowa State College and disolosed in 
his unpublishedYaster's Thesis,(ll). As originally developed the process 
yielded furfural. lignin, a water-soluble residue, and cellulose, through 
a sequence of sucoessive acid and alkaline digestions. The flow sheet for 
this process is shown in Figure 3. Since the original work was disclosed. 
various modifications were made in the prooedure, and the hemp hurds now 
yield furfural, lignin, and lignocellulose through the procedure shown in 
Figure 4. 
This prooess was ideally suited to the normal hemp mill capacity and 
required no complicated equipment. Markets were readily available for fur-
fural and lignin, but the lignocellulose, representing about 50% of the or-
iginal hurds was still not commercially valuable. It was proposed that 
this lignocellulosio material be made into a plastic molding powder through 
acetylation without previously purifying the cellulose. 
Acetylation of Lignocellulosio Materials 
The aoetylation of wood and wood-like materials was first carried out 
by the chemist searching for a good method of separating, as unchanged as 
possible. the principal constituents of wood. Suida and Titsoh,(86), sep-
arated lignin from cellulose by the acetylation of wood, using acetic an-
hydride. The aoetylated product was fractionated with chloroform and ace-
tone. Subsequent alkaline hydrolysis yielded lignin and cellulose. Maxi-
mum acetylation of beeoh wood required fourteen hours and gave a product 
oontaining 32.10 aoetio aoid,(85). 
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About the same time, Horn,(42),reported the acetylation of red beech 
wood with acetic anhydride. He obtained a product containing 42.2,% acetyl, 
which he separated into. lignin and acetyl cellulose. Fuchs ,(33), analyzed 
acetylated pine wood and found 41% acetyl. Practically all of the cellu-
lose and lignin originally present in the vrood 'was recovered after the 
acetylation, indicating that any materials lost were chiefly pentosans or 
hexosans. 
More recently the acetylation of wood has been studied as means of re-
ducing its hygroscopicity and increasing its resistance to decay rund animal 
attack ,(83, 89). This type of acetylation is cfl.rried out in either the li-
quid or vapor phase on solid lumber. 
The preparation of molding compositions by the HCE'tylation of Vlood is 
covered by two patents, British PEI.tent 579,255,(21) ,and USP 2,151,412,(81). 
The U. S. Patent describes a pre-treat.nent with glacial acetic aoid, foll-
owed by acetylation with acetic anhydride using; sulfuric acid catalyst. The 
resulting product is washed free of EI.cid anq dried. The British Patent also 
describes an acetic acid pre-treatment, followed by acetylation with acetic 
anhydride using zinc chloride catalyst. The patent claims improved elec-
trical ~roperties and moisture resistance after acetylation. 
Since the Bro~n process has not been released, there has been no pre-
vious study made of the lignocellulosic residue outside of the Iowa State 
College laboratories. Investigati,ons there showed that the residue could 
be bleached satisfactorily with alkaline hypochlorite; formed a base ex-
change resin of fair capacity when sulfonated; and prorluced Inoldings of 
sunerior strength when used as a filler in urea-formaldehyde plastics. 
14 
INVEST IG1d' ION 
Objective 
The objective of this investigation was to correlate the physical 
properties of the acety1ated lignocellulosic residue with its chemioal 
constitution. The investigation had a broader implioation in the.t there 
was a wide variety of other agricultural wastes of similar composition 
to whioh the procedure mi ght easily be adapted. 
Assumptions 
The acetylation of high-grade cellulose for use in textiles and 
plastics has been COIMlon practice for many years. Likewise, the use of 
lignin as a filler or extender for plastics has been well established in 
oommercial fields. It was felt that there was a good possibility of 
forming a tough molding composition by the acetylation of a material all 
ready containing oellulose and lignin. The plastic portion, cellulose 
acetate, vrould be formed with,the extender, lignin, thoroughly dispersed 
throughout the mass. Thus the expense of purifying the oellulose, of 
purifying the lignin, -and of blending the two products, would be elim-
inated. 
While-the physical properties of the resulting compound would be 
limited somewhat by the lignin-cellulose ratio, it was felt that varia-
tions in the acetyl content of the composition vrould serve to vary the 
physical properties suffioiently. If desired, plastioizers, s~ch as 
dimethyl phthalate, might be incorporated, and the composition might even 
15 
tolerate additional filler, whioh could be prepared from unacetylated res-
idue. 
Analytioal 
Raw material 
Material volatile at 105°-110°C. For puryoses of comparison it was 
essenti.al that all the samples used in the ex;?erimental work were either 
reduced to an "oven-dry" state, or analyzed for material volatile at 
1050 -110°C. With a raw material which had been subjected to both acid 
and alkaline digestions, as well as to an extended drying period before 
an8.1ysis, such e.s the lignocellulosic residue studied in this work, practi-
cally all the loss in weight on re-heating was due to the evaporation of 
re-absorbed water. 
Volumetric methods for moisture determination are of two general 
types, distillation and extraction. The advantages of the volQ~etric 
methods over oven drying are listed by Wis6,(101, p. 564) ,as follows: 
a) Exclusion of volatile materials ·other than water. 
b) More com~lete water removal. 
c) Elimination of one weighing. 
d) E1i;nination of the possibility of oxidizing the wood by 
prolonged heating. 
The gravimetric procedure for moisture deterlr.ination must be carried 
out using rigorous techniques, since cellulosic materials will actually 
cO~lpete successfully wi th the COIllrlon desicca.nts for wa.ter va.por, (101, 
p. 562). 
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Procedure. The ~ra.vimetric procedure used in this Vlork was as 
follows: o 0 Heat oovered weighing dish to constant weight at l05 -110 C. Weigh 
1-2 grams of air-dry material, -60+80 mesh, in wei~hing dish. Heat to con-
stant weight at 1050-110oC~ cooling after eaoh heating period in a desiccator 
oharged with anhydrous calcium chloride, 8 mesh. The loss of materia.l vola-
tile at 105°-110°C was expressed as per cent of the orir,inal air-dry sample. 
Results. The equilibrium solids or non-vola~ile content for ~he 
lignocellulosic material seemed to be about 94%. Since the raw material Vie S 
stored in ~ steel dr~~ with a loose-fitting lid, its ~oisture oontent varied 
slightly with the humidity of the room. Analytical results ranged from 93.41% 
to 94.2~fo material non-volatile at 1050 -1l00 C. This same procedure was used 
for solids determinations on finished products reported elsewhere in this 
section. 
Ash 
Procedure. Ignite a porcelain crucible to constant wei~ht in elec-
tric muffle furnace at 650°-700°0. Introduce 1-2 grams of air-dry sample, 
-60+80 mesh, of known solids content, and weigh. Ignite to constant weight 
in nuffle at 6500-700°0. 0001 in desiccator, weigh, and express the result 
as per cent of oven-dry lUfi.terial. 
Hesults. The lignocellulosic residue was found to contain 2.71% 
ash on the oven-dry ba.sis. 
Alcohol-benzene solubles. The purpose of this analysis was two-fold; 
first, to determine what amounts of organo-soluble material were conteined 
in the raw material, and second, to prepare srunples for subsequent oellulose 
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and lignin determinations. Organo-soluble materials might include vola-
tile oils, fats, fatty acids, resin acids, resenes, phytosterols, waxes, 
non-volatile hydrocarbons, tannins, phlobaphenes, essential oils, oertain 
coloring principles, and some water soluble extractives,(lOl,p. 567). 
Procedure. Heat an alundun crucible to oonstant weight at 105°-
110°C. Introduce approximately 2 grams of air-dry sample and weigh. Cover 
cruoible with ootton oloth to prevent loss by splashing. Extract for eight 
hours in a Soxhlet extraction apparatus using a mixture of 1 part of 95% 
ethyl alcohol to 2 parts of benzene, by volume. Suok dry on filter flask 
and wash with diethyl ether. o 0 Heat to constant weight at 105 -110 C. 
press loss as per cent soluble material on an oven-dry basis. 
E~ 
Results. The alcohol-benzene soluble material was found to re-
present 0.89% weight of the raw material on an oven-dry basis. 
Hot water solubles. As in the alcohol-benzene extraotion, the purpose 
of the hot water extraction was two-folds first, to prepare the samples 
for subsequent determination of lignin and cellulose, and seoond, to es-
tablish an analytical basis for theoretical yield oaloulations, since the 
acetylation process included a hot water digestion. The materials ex-
traoted by water might include mineral salts, sugars, oyoloses, pOlysao-
oharides such as mucilages, starch, gums, and galaotans, pectin-like mat-
erials, benzoypyran pigments, and phlobatannins A10l, p. 565). 
Procedure. Two methods were oompared in this determination. 
a) Digest 2 grams of air-dry material for 3 hr. in 100 ml. 
distilled water under reflux. Filter in a tared alundum oruoible, then 
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wash with hot distilled water end dry to constant weight at 105°-110°C. 
b) Extro.ct the residue frO(Tl the alcohol-benzene soluble deter-
mins.tion for fifteen hours in a S oxhlet extraotion apparatus. Suck dry on a. 
filter and heat to constant weight a.t 1050 -1100 C. Express the loss in weight 
by either method as per cent of the original oven-dry s~~le. 
Results. The hot water Bolubles found by method (a.) were 4.6~. 
The hot water solubles found by method (b) were 7.04%. The latter method un-
doubte~ly represented a more thorough extra.ction, but it waS surprising to 
find this much water soluble material considering the past history of the 
raw material. 
Cross and i.!evan cellulose. Al though the Cross and Bevnn method of the 
detennination of oellulose has been severely criticized by several authors it 
still re,nains a standard procedure in most cellulose YTork. Vfhen its short-
co~ings are understood and taken into consideration, it is quite suitable for 
analytical work. Low results may be caused by the initial caustio treatment, 
partial oxidation of the cellulose by the chlorine, the use of sodium hydrox-
ice in the sodium sulfite solution, and m~ipulative errors. High cellulose 
content lnight be due to incomplete so;Lubilization of the lignin, ~lOl, p. 585). 
I , 
Procedure. Boil 5 gram sample for 30 min. in 100 mI. of 1% sodium 
hydroxide, maintaining a constant volume. Filter and wash with clistillcd 
water. Tre..nsfer to a oco.ker and chlorinf'.te with ""3t chlorine for 30 min. Fil-
ter and w!?sh with distilled water. He:'1t to boiling in 2% sodium sulfite. Add 
0.2'% sodium hydro'::dde, based on the volu.'1le of the solu+.ion. Boil 5 min., fil-
ter, a.nd wash with hot water. Repeat the chlorine and sodium sulfite trea.t-
ments until the sulrite solution is no longer colored. Filter and wash with 
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hot water. Bleach in 0.110 potassium per.nangonate, filter, and w£'.sh with dis-
tilled water. Wash with sulfurous acid, f'ilter, wash with hot water, digest 
30 min. in hot water and filter. Dry to constant weight at 105°-110°0. Ex-
press result as per cent of the orieinal oven-dry B~~le. 
Results. The Oross and Bevan cellulose content of the lignocellu-
losic material was found to be 49.60% on an oven-dry basis. 
Lignin. There are two broad clo.ssifioations of lignin determinations -
direct and indirect methods 9 (101, p. 634). In the indirect method a ohar-
a.cteristic group of' lignin is determined and multiplied by a suitable f'actor. 
In the direct nethod the carbohydrates are dissolved, leaving t~e lignin, or 
the lignin is dissolved, leaving the carbohydrates. Any ~ethod is at best 
an approximation, since the exact nature of' lignin is not yet known. The 
method used here is the direct method, according to Schwalbe. 
Procedure. Treat a 2 gram sa.mple with 60 mI. of 72.10 sulf'uric (lcid 
~nd 15 ml. of 18% hydrocholorio acid. Keep cool f'or 24 hr. Add 500 mI. dis-
, 0 0 
tilled water, boil 30 min., filter, and dry to'constant weight at 105 -110 O. 
Express result as per cent of the original oven-dry sample. 
Results. The raw material was found to contain 29.32% of lignin on 
an oven-dry basis. 
Discussion. Ii' the analytical results are totaled, 
Hot wa.ter soluble 
Oross and Bevan cellulose 
Lignin 
7.04 % 
49.60 
29.32 
85.96 % 
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it is noted that approximately 8s,1o of the lignocellulosic material is aco-
ounted for. The missing 14% probably represents polysaccharides or hemi-
oelluloses removed in the Cross and Bevan procedure. Wise,(lOl, p. 606), 
states that the Cross and Bevan Cellulose residue rarely consists of more 
than 80% of the original carbohydrates. Fourteen parts out of sixty four 
is roughly 20%, which checks this opinion quite closely. Making this as-
sumption, the analysis of the raw material might be written -
Basis - 100 pts. of oven-dry residue 
Soluble in hot water 
Insoluble in hot water 
Carbohydrate 
Lignin 
7.0 pts. 
93.0 pts. 
63.0 pts. 
36.0 pts. 
It is evident that the raw material is vastly different from t~e 99% 
alpha cellulose used commercially in the manufacture of cellulose acetate. 
Because of the uncertainty of the exact structure of lignin nnd of the ex-
act nature of thirteen parts per hundred of the carbohydrate material, it 
was impossible to predict accurately the maximum acetyl content and yields 
of aoetylated residues. Such data could be gathered experimentally, how-
ever, and back-caloulated to establish, theoretically, at least, a more ac-
curate picture of the nature of the raw material. 
Holocellulose. In order to check the lignin determination the total 
carbohydrate fraction of the raw material was detenr~ned by the method of 
Van Beckum and Ritter, (101, p. 609). While this was a milder deUgnifica-
tion process, it was fairly rapid and, acoording to the authors, yielded 
results whioh cheoked olosely vrith the values for lignin by the sulfurio 
acid method, when a variety of woods were analyzed. 
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Procedure. Chlorinate approximately 2 grruns of extractive-free 
sample in an alundum crucible on a suction flask for 3 min. Stir well, and 
re-chlorinate for 2 min. Wash with 9B.1o ethyl alcohol. Treat for 2 min. 
with a hot solution of mono ethanolamine in 9s.1o ethyl aloohol, 3 parts to 97 
parts, by volume. Suck off this solvent. Repeat the mono ethano 1 amine-
alcohol extraction. Suck off solvent and wash with 95% ethyl aloohol, then 
with distilled water. 
Repeat the above prooedure until the residue is white after chlorina-
ting, and the monoethanolamine solution is not disoolored in the cruoible. 
Wash twioe with aloohol, ~vice with cold water, with alcohol until neutral 
to litmus and then with ether. Dry to constant weight. Express results as 
per oent holocellulose on an oven-dry extractive-free basis. 
Results. The raw material waS found to contain 71% holooellulose 
on an oven-dry extractive-free basis. This corresponded to approximately 
65.5% total carbohydrate on an oven-dry basis. 
Van Beckum and Ritter cellulose. As a check on the Cross and Bevan 
method for the determination of cellulose, the holocellulose fraction was 
carefully hydrolysed according to the'method of Van Beckum and Ritter,(lOl, 
p. 594), and the residue was weighed. In a series of different woods anal-
yzed by both methods, the values for cellulose agreed extremely well. 
Procedure. Introduoe crucible and contents from the holooellu-
lose determination into a 600 ml. beaker. Cover with 200 ml. boiling l.s.% 
sulfuric acid. Hydrolyze for 2 hr. in a boiling water bath. Wash with 50 
ml. of hot water. Filter into a tared crucible, wash with hot water, ethyl 
alcohol, ether, and dry to constant weight. Express results as per cent of 
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oven-dry extractive-free sample. 
Results. By the method of Van Beokum and Ritter the raw material 
was found to contain 68.2% cellulose on an oven-dry extractive-free basis, 
or 62.8% cellulose on an oven-dry basis. 
Finished products 
o 0 Material volatile at 105 -110 C. Since yields and acid content had to 
be oaloulated on an oven-dry basis, it was neoessary to determine the solids 
or non-volatile oonstituents of the finished products as well as of the raw 
material. 
Procedure. The gravimetrio procedure used for this material was 
exactly the same as that used for the raw material. 
Results. Overnight drying at 900 e drove off praotioally all the 
moisture in the finished produot. Solids contents ranged from 96.20% to 
99.77% in various batohes. 
Free acid oontent. Although the free acid content of the finished 
produot was usually low, because of; 'the neutralization and washing prooe-
dures followed, it was neoessary to detenrine it in order to be able to oor-
reot the total aoid content prop,erly to obtain the combined acid value. 
Procedure •. Digest approximately 10 grams of material in 100 ml. 
of distilled water for 24 hr. at room temperature. Filter and wash residue 
well. Dilute filtrate to 250 mI. and titrate an aliquot portion with approx-
imately 0.1 nonnal sodium hydroxide using phenolphthalein indicator. Run a 
blank determination eaoh time to permit proper correction for phenolphthal-
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ein acidity of the distilled water. Express the result as per cent acetio 
acid based on the oven-dry sample weight. 
Results. The free aoid oontent of the aoetylated lignooellulosio 
residue varied from 0.04% to 0.22%. i1.hen some of the raw material. -60 
mesh. was slurried in distilled water. it was found to have a pH of 6.5 and 
a free phenolphthalein acidity of 0.12%. 1fuile this seems anomalous when 
it is recalled that the last step prior to recovery of the lignooellulose 
is an alkaline digestion followed by filtering and washing. it may be ex-
plained as follows, the pH of the distilled water used was low. 4.5 - 5.0. 
and would tend to shift a slightly basic residue to the acid side. On the 
other hand. the transition range of phenolphthalein is at pH values of 8.0-
9.8. which would yield an acid value for even a slightly basic material. 
Total acid content. The total acid content of the acetylated ligno-
cellulosic residue was desired in order to correlate the_observed physical 
properties of the molded material with its chemical constitution. Both 
procedures tried were short and followed basically the methods used commer-
cially in cellulose acetate work. 
Procedure. 
Pyridine method. Place 0.5 gra~ sample in 20 rol. of pyri-
dine. Heat to 53°0 and hold 15 min. Add 20 ml. of approximately 0.5 nor-
mal sodium hydroxide. Hold 30 min. at 53°0. Wash down the flask with 25 
ml. of distilled water. and back-titrate with approximately 0.2 normal hy-
drochloric acid. Run blank. Express result as per cent acetio aoid based 
on the oven-dry weight of the sample. 
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Acetone method. Place 0.5 gram in 20 ml. of acetone. Heat 
to 630 0 and hold 15 min. Add 20 ml. of approximately 0.6 normal sodium hy-
droxide. o Hold 30 min. at 53 C; add 25 ml. H20. Filter and wash residue 
well with distilled water. Transfer filtrate quantitatively to 250 mI. 
~olumetric flask and dilute to 250 ml. Dilute two 25 ml. portions of liq-
uor with 50 ml. of distilled water, each, and titrate with approximately 
0.2 normal hydrochloric acid using phenolphthalein as indicator. Run blank, 
and express result as per cent acetic acid based on the oven-dry weight of 
the sample. 
Results. The first materials analyzed by these two methods were 
some commercial cellulose acetate (Hercules PM-3, containing 63.2% combined 
acetic acid) (84) and some -60 mesh lignocellulosic residue. Combined a-
oetic acid values, total acid less free acid, by the pyridine method were 
75.66% and 47.08% for the co~nercial product and the lignocellulose, re-
spectively. Since the value for the known material was obviously consider-
ably in error, it was assumed that the value for the lignocellulose was al-
so wrong. While the pyridine method probably could have been worked out by 
changes in technique, the odor was so offensive that the acetone method was 
tried. The high color in the reaction mixture, probably due to soluble lig-
nin products, made it desirable to dilute the liquors, as outlined. It was 
felt that the error introduced by taking aliquot portions would be more than 
offset by the gain in accuracy due to a sharp visual end-point. 
The acetone method showed the commercial product to contain 51.69% com-
bined acetic acid. This was a fa;r check on the manufacturer's value. A 
second determination showed 51.37%. The -60 mesh raw material exhibited 2.08% 
combined acetic acid by the acetone method. 
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Discussion. ~lhile the combined acetic acid values checked only 
fairly well. 53.~ compared to 51.6~. it was felt that this method was 
sufficiently accurate to proceed with comparative work. The acetylated 
lignocellulose produots fonned less gelatinous precipitates than the commer-
cial cellulose acetate upon the addition of water. perlutting more thorough 
washing. The main difficulty in the analysis is the high color. whioh makes 
visual end points difficult to see. This disadvantage could be overcome by 
the use of electrometric titration apparatus. 
Acetic acid content by lnodified Freudenberg method. Although the 
rapid determination of combined acetic acid in cellulose ac~tate by alkaline 
, 
saponification was well established as a reliable analytical method, it 
could not be assumed that the method was reliable for lignocellulose acetate 
of the type encountered in this investigation. As a check on the short 
method. samples of varying acetic aoid content were analyzed by a modified 
Freudenberg process, (101. p. 570). 
Procedure. For this deten~nation two distilling flasks with side 
arms are connected by means of a glass tube. In the upper flask, (a). the 
alcoholysis of the srunple is oarried out, and in the lower flask, (b), the 
alkaline saponifioation of_the ethyl acetate formed is oonduoted. 
Add to (a) 0.3 to 0.4 grams of air-dry srouple. 30 ml. of absolute 
ethyl alcohol, 5 grams of E-toluenesulfonic acid, and some boiling chips. 
Add to (b) 10 rol. of absolute alcohol and 30 ml. of approximately 0.2 nor-
mal sodium hydroxide. Reflux contents of (a) for 10 min., then distill 
into (b) for one hr. at 95°0. Add 20 ml. of absolute ethyl alcohol to (a), 
reflux for 10 min. and distill into (b) for 30 min. Distill into (b) for 
15 min. while adding i5 rol. alcohol and for 10 min. more. Boil oontents of 
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(b) for 10 min., cool, add 30 rol. C02-free distilled water, and titrate 
with approximately 0.2 normal sulfuric acid. Express results as per oent 
aoetio acid on an oven-dry basis. 
Results. When the distillation (bath) temperature was raised 
to 110°C, reproducible results were obtained. The total acetio aoid val-
ues checked olosely the values found by the rapid method. 
Acetylations 
Prelimina.ry acetylation 
Since the exact oomposition of the raw material was not known, the 
first acetylations were of an exploratory nature to detennine what sort of 
product might be expected and if it could be molded in a compression mold-
ing die. Table 2 presents a resume of batches 1 through 7, which may be 
considered the preliminary or exploratory a.cetylations. 
Procedure. The general procedure for these-first batches was modeled 
after the commercial manufacture of cellulose acetate and consisted of two 
main parts, the acetylation and the hydrolysis, excepting in batches 1 and 2. 
The liqui~ ingredients of the acetylation mixture were placed in a 
glass beaker, and the lignocellulosic material was added, with stirring. 
Since the acetylation reaction is exothermic, the temperature of the batch 
always increased at this point, sometimes rea.ching 50°0. After the desired 
time had elapsed, distilled water was added and the mixture was allowed to 
react further. At the end of this hydrolysis period, the batoh was preci-
~itated by the addition of exoess water. It was then filtered and#washed 
free of acid. The preoipitate was digested in water for 30 min. at 90°C. 
Batch AA/LC 
No. Ratio 
1 3.68 
2 1.93 
3 1.93 
4 1.93 
5 1.93 
6 1.93 
7 1.93 
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Table 2 
Preliminary Acetylations 
Acetylation Hydrolysis 
Time, hr. Time, hr. 
94.5 o 
48.0 o 
48.0 72 
24.0 72 
24.0 72 
24.0 72 
24.0 72 
Remarks 
Chip was well bonded, brittle, and 
oracked in water. 
Acetone extract formed a brittle 
film on drying. 
Chip waS tough, did not break when 
dropped. Retained its shape when 
submerged in water. 
Chips molded nicely. They gave off 
no color and retained their shape 
when Bubmerged in water. 
Slightly more water added during 
hydrolysis. Chips exhibited the 
same characteristics as those of 
Batch 4. 
Batch size increased over that of 
Batch 5. Molded nice16 into 1 3/16 in. diam. chips at 330 -350or. 
Solvent (glacial acetic acid) con-
tent of acetylation fonnula in-
creased to facilitate agitation. 
Molded well into colle§e emblems, It in. diem., 3300 -350 F. 
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The product was again filtered and dried overnight at 900 C. The dried mat-
erial was ground and screened through a 16 mesh screen, and was then ready 
for molding. 
Results. By the time batch 7 had been molded it was felt that the ace-
tylation procedure was satisfactory for making ~ particle size study. The 
product molded into tough chips whioh flowed well at molding temperatures 
and apparently were not adversely affected by submersion in water. 
Particle size study 
Procedure. The procedure for the study of the effect of partiole size 
on the acetylated product was, in general, the same as described above. 
The principal change was the use of a neutralization step before the final 
filtering of the product. This was deemed advisable because of the odor of 
acetio acid which had been noticed when some of the material from batches 
1 - 7 was molded, and the presence of appreciable quantities of free acid in 
the finished product was certain to a£fect its usefUl life. 
The neutralization procedure which was developed made possible an aco-
urate adjustment of pH to approximately 6.3 - 6.4 without the use of a pH 
meter. Methyl red (dimethyl~ninoazobenzene-o-carboxylic acid) has a transi-
tion range from red to yellow between pH 4.2 and pH 6.3 Phenol red (phenol-
sulfonphthalein) has a transition range from yellow to red betwe~n pH 6.4 
and pH 8.4. Thus when the liquors on the acetylated product were neutral-
ized with sodium carbonate (O.lg./ml) until they exhibited a yellow color 
with either indicator, the pH of the liquors was approximately 6.3 - 6.4. 
The batch was then filtered, washed with distilled water, and dried as before. 
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The various partiole size groups were prepared by outting the ligno-
oellulosio residue, as received, through a 1/16. round hole soreen in a 
"Mikropulverizer". Each of the four size ranges chosen represeni:8 approxi-
mately 25% by weight of the material after passing through the 1/16 in. 
screen. 
Results. I-I; can be seen from Table 3, Particle Size Study, that the 
size range -60 + 100 mesh seems most desirable fro~ the standpoint of water 
resistance. ~hat chip absorbed the least amount of water and showed no 
surface evidence of attack by the water. However, since it would not be 
practical to screen out this size range and discard everything passing 
through the 100 ~esh, it was decided to adopt -60 mesh material as a stand-
ard particle size and study other variables, such as combined acetic acid. 
Combined acetic acid study 
The per cent combined acetic acid is an important faotor in commeroial 
cellulose acetate. iVhile it is possible to vary the acetic acid oontent 
from zero to 62.~ in completely aoetylated cellulose, only the range from 
50% to 62.5% acetio aoid is oommercially valuable ,(41, p.4). It was rea-
soned that per cent oombined acetic acid would be important in an acety-
lated lignocellulose, as well. 
Accordingly a series of acetylations was conducted using various acetic 
anhydride/lignocellulose ratios. Batches 12 - 16 were prepared by the srune 
prooedure as batches 8 - 11 except that the hydrolysis and hot water di-
gestion steps were eliminated. Batch 17 was simply some -GO mesh raw mat-
erial. Batches 18 and 19 were prepared on a larger scale and the hot water 
digestion was included in their preparation. Batohes 20 - 23 were preoipi-
Table 3 
Particle Size Study 
Batch No. Mesh Yield Specific % Water 
g. gravity absorption 
8 
9 
10 
11 
+40 
-40 
+60 
-60 
+100 
-100 
56.8 1.329 
61.2 1.329 
62.0 1.332 
59.3 1.344 
4.93 
3.21 
2.74 
3.43 
Acetylation formula for above studys 
Lignocellulose (94% solids) 
Acetio anhydride 
Glacial acetic acid-
Conc. sulfurio acid 
Acetylation conditions, 
Te;nperature 
Time 
Water added 
Hydrolysis time 
Remarks 
Slight surface sv/elling on 
submersion. 
Extremely slight surface 
swelling on submersion. 
No change on submersion. 
Bubbled, cracked on submersion. 
100.0 pts. 
182.0 pta. 
630.0 pts. 
7.3 pta. 
24 hra. 
30 pta. 
72 hrs. 
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tated and held in water two weeks before digesting and neutralizing. Batoh 
23 was acety1ated at 120 C in contrast to the usual room temperature acety-
lation. 
Results. Batches 8 - 23 were analyzed by the acetone method outlined 
in the analytical seotion. The total aoid, free acid, and oombined acid 
values are listed in Table 4, and the combined aoid content vs. acetic anhy-
dride/lignocellulose ratio for -60 mesh material is plotted in Figure 5. 
Maximum acetylation seems to occur at an AAjLC ration of 1.9, which produoed 
combined acetic acid content of 35.10 to 4e.1o, depending on the after-treatment. 
The effects of low temperature acetylation and of prolonged exposure in an 
acidic medi~~ are readily seen. The free acid values of batches 20 - 23 
are estimated since the exposure to weak aoid resulted in a produot which 
hydrated so easily that the free acid could not be measured by the method 
described. The product also seemed unstable toward heat under normal,mold-
iug conditions. 
Discussion. The approximate analysis of the water insoluble material 
obtained in the analytioal work was -
Carbohydrate 
Lignin 
63.0 pts. 
30.0 pts. 
or, on the basis of 100 pta. of water insoluble material -
Carbohydrate 
Lignin 
67.7 pta. 
32.3 pts. 
If it is assumed that the carbohydrate material is entirely cellulosic in 
nature and that the Freudenberg conception of the building units in lignin 
is correct, the theoretical acetic acid content of completely aoetylated 
lignocellulose of the above analysis may then be oomputed. 
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Table 4 
Effect of AA/Lc ratio on Combined Acetic Acid 
Batch No. AAILc Total acid Free acid Combined acid 
ratio as acetio. % as acetio % as acetio. % 
12 0.21 5.62 0.18 5.44 
13 0.63 17.34 0.13 17.21 
14 1.11 31.54 0.11 31.43 
15 1.47 40.95 0.11 40.84 
16 1.89 46.18 0.09 46.09 
17 0.00 2.20 0.12 2.08 
18 1.90 40.19 0.22 39.97 
19 2.75 40.83 0.13 40.70 
20 1.48 28.28 0.10 28.18 
21 1.90 35.36 0.10 35.26 
22 2.32 36.77 0.10 36.67 
23 1.90 22.35 0.10 22.25 
I 
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On the basis of 100 pts. of water insoluble material, the oarbohydrate 
portion will yield 67.7 x 288/162 = 120.6 grams of product which will con-
tain 120.6 x 180/288 . = 75.4 grams of combined acetic acid, aocording to 
the reaction, 
67.7 
CsH702(OH) 3 + 3(CH3OO) 20 
162 
x 
C H 0 (en CO) + 30H COOH 67533 3 
288 
The lignin portion, which, according to Feudenberg, contains one hy-
droxyl group per unit, will yield 32.3 x 222/180 = 39.8 gr~~s of product, 
containing 39.8 x 
to the reaction, 
32.3 
Cloli1203 + 
180 
60.0/222 
= 
(CH3CO)20 
10.8 grams of combined acetic acid, according 
= 
x 
CIOB1l ° s< OH3OO) 
222 
+ CH COOH 
3 
Thus 100 grams of water insoluble material, representing 100/0.93 • 
107.5 grams of oven-dry raw material should yield 120.6 + 39.8 = 160.4 
grams of acetylation product, containing 75.4 + 10.8 = 86.2 grams of 
com.bined acetic acid, or 86.2/160.4 x 100 = 53.6% by weight-. Theoreti-
cal yields should be in the neighborhood of 160.4/107.5 x 100 = 149.~, 
based on the oven-dry weight of lignocellulose originally introduced into 
the acetylation mixture. It is interesting to note that both the maximum 
yield and the maximum acetic acid content obtained were almost exactly 88% 
of the above theoretical values. 
A logical deduction fro~ the study of the effect of the acetic anhy-
dride/lignocellulose ratio on the combined acetic acid content was that it 
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should be possible to produce any desired degree of acetylation by proper 
control of the acetylating recipe, rather than by use of exceSs acetylating 
agent with subsequent hydrolysis of some fraction of the acetyl groups, 
whioh would greatly inorease the total reaotion time. 
Molding Studies 
1 3/16 in. diameter die 
Unmodified raw material. The first material molded in this die was 
some ground lignocellulosic residue, unmodified by further chemioal treat-
ment of any kind. 
Procedure. Heat die to temperature indioated. Open die and add 
4 gra~s of material. Close die and hold at 4500 p.s.i. for 5 min. at test 
o temperature. Cool to 100 C under 4500 p.s.i. 
Results. In Table 5 are shown the results of this experiment. 
The UXlliwdified material molded nioely at 4500 p.s.i., 25 - 245°C, but the 
chips had no water resistance. 
Discussion. The unmodifi'ed lignocellulose could be used in appli-
cations in which no water resistance is required, but for most applications 
it would require the addition of some sort of binder, such as a phenol-for-
maldehyde resin, to impart water resistance. In this oase the residue would 
be acting simply as a filler. 
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Table 5 
Unmodified lignocellulosic residue, molded at 4500 p.s.i. 
. No. Molding Temp., °c Remarks 
1 25 Tough chip; swells and disintegrates in water 
2 175 Tough chip; swells and disintegrates in water 
3 245 Tough chip; disintegrates in water 
4 315 Excessive flash; decomposes in die 
Commercial cellulose acetate flake (Hercules PM-3). The next material 
molded in the 1 3/16 in. chip die was some virgin cellulose acetate flake 
of the plastic type. Although this is not usually molded without plastici-
zer, it was considered suitable for the purpose of standardizing the nold-
ing technique, particularly the placement of the gas burners for uniform 
heating of the die. 
Procedure. Heat die to test temperature. Load die with 5 grams 
of material and close die with 2700 p.s.i. pressure. Hold 5 min. and cool 
o to 100 C under pressure. 
Results. o Satisfactory moldings of PM-3 were made from 195 to 
Acetylated lignocellulose. A sample of acetylated lignocellulose, batch 
1, was molded under 2700 p.s.i. at 195°C. The temperature was too high, and 
the chip was scorched. When the molding temperature was reduced to 1260 C, 
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the chip lost its burned appearance and was quite tough. When submerged in 
vlater, it gave off no color and did not swell and disintegrate. After a 
short time it cracked emitting sharp noises at the same time. 
Chips of batch 6 were successfully molded at 2700 p.s.i., 1950 to 
2100 C, in this die. The samples were tough and retained their fonn when 
~ubmerged in water. One of these chips had not disintegrated nor given off 
any color after five months submersion. The molding range of the acetylated 
residue, as found in these preliminary molding tests seemed to match closely 
the molding range of commeroial cellulose acetate molding powders, 1260 to 
198°0, (46) 
1 5/8 in. diameter die 
Commercial cellulose acetate flake 
Molding of preformed chips. Beca.use a. great many plastics are 
formed into final shape through the use of preoision molded Ipre-forms l , it 
was felt that an investigation of possibilities along that line might be in 
order. Again some COJTl:"i' .. eroial material was selected for preliminary trials. 
Procedure. Pre-fonn 10 grams of PM-3 at 4800 p. s.i. in a 
1ft in. diem. die to form a porous chip about ~ in. thick. Heat 1 5/8 in. 
die to test temperature, insert '~re-form', olose die to 1900 p.s.i., hold 
for test time, cool to 100°C. Open die. 
Results. In Table 6 are listed the results of this experi-
ment. It was not possible to obtain uniformly fused chips under any of the 
conditions tried. 
Test 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
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Table 6 
Molding pre-formed PM-3. 1900 p.s.i •• 1 5/8 in. die 
Temperature 
00 
185 
390 
200 
210 
215 
230 
230 
245 
245 
250 
260 
Time 
min. 
11-15 
9-10 
8-9 
7 
7 
6 
7 
5 
6 
6 
5 
Remarks 
Unf'used at the edge 
Unfused at the edge 
Unfused at the edge 
Bubbled at the center 
- and unfused at the edge 
Badly bubbled 
Unfused at the edge 
Bubbled 
Unfused at the edge 
Bubbled 
Unfused at the edge 
Bubbled 
Discussion. The explanation of the results of this experi-
ment is a rather simple one. Since the diameter of the tpre-fonn' was less 
than that of the molding die. the principal heat transfer in molding was 
from the t9P and bottom ram of the die into the chip_ Because of the air 
space surrounding the chip. the edges were the last to fuse, in one test 
remaining unfused after the center of the chip had begun to decompose. 
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This condition could have been corrected in any of three ways: 
1. Increase the initial molding pressure suffioiently above the 
pre-fonaCLng pressure to crush the 'pre-fonn' and permit contaot with the 
molding die at all surfaces~ or -
2. Increase the-molding time at temperatures below the decom-
position temperature, or -
3. Machine a pre-forming die of such internal diameter that the 
slight expansion of the porous 'pre-form' on removal from the 'pre-form' 
die would increase its diameter so that it would be a 'push fit' in the 
rr~lding die. If the molding powder were pre-formed in the molding die~ it 
could not be re-inserted because of the above expansion. 
However, none of these alternatives was desirable, so the use of 'pre-
forms' was abandoned in favor of the method in whioh loose powder was added 
to the molding die. 
Molding of loose powder. 
Procedure. Heat die to test temperature. Add 7 grams of 
flake. Close die to 1900 p.s.i. Hold at test temperature for test time. 
Cool to 1000C. Open die. 
Results. Satisfaotory moldings of PM-3 were made at 1900 
p.s.i. under varying time-temperature relationships~ as listed in Table 7. 
Discussion. It appeared that there was a oonsiderable range 
to the molding conditions when loose powder was used. For oomparative tests 
four minutes a~ 22~JC was selected for molding ohips of ~1-3 in this die. 
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Table 7 
Molding loose PM-3, 1900 p.s.i., 1 5/8 in. die 
Test No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
o Temp., C 
180 
190 
195 
200 
210 
210 
215 
225 
225 
230 
230 
245 
245 
250 
260 
Time, min. Remarks 
10 Unfussd throughout 
10 Unf'used at edge 
10 Unfused at edge 
10 Good chip 
6 Good chip 
9 Good chip 
3 Good chip 
4 Good chip 
7 Good chip 
3 Good chip 
5 Bubbled 
2 Good chip 
5 Bubbled 
3 Bubbled 
2 Bubil1ed 
Acety1ated lignocellulose, composite of batches 3,4,6, and 7. 
Procedure. The procedure adopted for the lignocellulose was ex-
actly the same as that for the loose PM-3. 
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Results. For this m.aterial, 4 min., 1900 p.s.i., and 200°C Vlere 
selected as good molding conditions. See Table 8. Subsequent batches, 
with different acetic acid content and/or particle size, might require 
some modification of these conditions. 
Table 8 
Molding loose acetylated lignocellulose, 1900 p.s.i., 1 5/8 in. die, 4 min. 
Test No. 
1 
2 
3 
° Te;np., C 
195 
200 
225 
t in. x 5 in. rectangular die. 
Remarks 
Good ohip 
Good ohip 
Severe flash, partial 
decomposition 
This size die was designed to prepare srunples for impact strength mea-
surements. 
Procedure. Heat die to 210°0. Load with 10 grams of batch 7. Close 
° die to 4000 p.s.i. and hold for 5 min. Cool to 100 C. Open die. 
Results. The bar of acetylated lignocellulose was molded nicely under 
these conditions. The finished size waS approximately ~ in. x 5 in. x 3/16 in. 
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College eJnblem die 
This was a two-oavity die containing bas-relief figures and lettering 
on the die faces. It was desired to see how the aoetylated lignocellulose 
would fill such a die. 
7. 
Prooedure. Heat die to 1950 C. Load each oavity with 5 grams of batoh 
o Close press to 4000 p.s.i. Hold 1 min. Cool to 100 C. Open die. 
Results. Good moldings were obtained under these oonditions. The die 
faces were accurately reproduced. The apparently short cycle was due to 
the faot that the die was not jaoketed nor cored for water cooling. 
Delignifioation of Raw Material by the Engel-Wedekind Process,(lOl) 
Procedure. Digest 1 gr~~ of lignocellulosic residue for 6 hrs. in 15 
ml. of dioxane containing 3 drops of oonoentrated hydroohlorio aoid. Fil-
ter; .vash with alcohol and ether; dry. 
Results. Only slight loss of lignin occurred under these conditions. 
Although a solvent process would be most weloome conuaercially, this parti-
cular method does not seem promising. 
Plasticizing Aoetylated Lignocellulose 
In the absenoe of steam-heated milling rolls some convenient method of 
incorporating plasticizer with the acetylated lignocellulose was desired. 
A solution method was tested. 
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Procedure. Mix in a glass ,beaker: 
Acetylated lignocellulose, batch 6 
Diethyl phthalate 
Tributyl phosphate 
Acetone, enough to fonn stirrable paste. 
13.0 g. 
3.2 g. 
3.8 g. 
When ingredients are unifor-.m1y mixed, cast as a film on a glass plate and 
evaporate to dryness. Grind, and screen to unifor.m size. 
Results. A molding powder was successfully made according to this 
process, but chips molded at 1550 to 1650 C exhibited flash and gas pockets. 
It is probable that a lower molding te:nperature would have produced a good 
ohip. 
Grinding the Raw Material 
Since the partiole size distribution of the lignocellulosic residue 
.vas not exactly that which was desired in the acetylation recipe, means of 
size reduction were investigated. The fragments of raw material were quite 
brittle and ground easily in an ordinary meat-grinder, a small Wiley mill, 
and in a "Mikro-pulverizer". il study of the effect of grinding in the latter 
on the palticle size distribution of the residue was made. 
Procedure. Pass raw material through "1iikro-pulverizer" using a 1/16 
in. round-hole screen. Soreen ground product and 'as received' material 
through standard Tyler screens on a Cenco-Meinzer sieve shaker, according to 
the following schedules 
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1. Shake for 10 min. 
2. Remove and rap screen sharply. 
3. Shake for 5 min. 
4. Repeat steps 2 and 3 twice more, making a total shaking time 
of 25 min. 
The removal and rapping of the screens intennittently was for the purpose 
of dislodging partioles whioh had beoome oaught in the mesh because of 
their pyramidal shape. 
Results. The soreen analyses are shown in Table 9 and portrayed in 
Figures 6 and 7. The residue vms easily broken down into fine partioles, 
and the proper choice of screen characteristics in the "Mikropul verizer tl 
should permit grinding to a~ost any desired screen analysis. 
Table 9 
Eff'ect of' grinding through 1/16 round-hole screen in "1.1ikropul verizer" 
on particle size distribution of lignooellulosic residue 
Tyler mesh no. Opening, in. 
3 
4 
9 
20 
28 
0.263 
0.187 
0.0787 
0.0328 
0.0232 
% retained 
As received 
Individual Cumulative 
0.0 . 
0.11 
21.30 
63.56 
7 .. 23 
0.0 
0.11 
21.41 
84.97 
92.20 
Ground 
Individual Cumulative 
0.0 
0.0 
0.0 
0.06 
0.12 
0.0 
0.0 
0.0 
0.06 
0.18 
Tyler mesh no. Opening. in. 
35 0.0164 
48 0.0116 
60 0.0097 
80 0.0069 
100 0.0058 
200 0.0029 
270 0.0021 
-270 0.0021 
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Table 9 (continued) 
% retained 
As received 
Individual C~~ulative 
3.84 96.04 
1.70 97.74 
0.68 98.42 
0.56 98.98 
0.34 99.32 
0.57 99.89 
0.11 100.00 
Ground 
Individual Cumulative 
4.53 4.71 
25.39 30.10 
13.70 43.80 
17.10 60.90 
9.78 70.68 
22.11 92.79 
4.77 97.56 
2.44 100.00 
Physical Tests on Molded Products 
For purposes of comparison and evaluation. it was desirable to know as 
many physical properties of the ,nolded materi~l as possible. Procedures 
recommended by the ASTM Com.ui ttee on Plastics were followed as closely as 
possible. 
Specific gravity 
Procedure. Tare a fine nichrome wire on an analytical balance. Sus-
pend a molded chip on the wire and weigh (a) in air. and (b) immersed in 
distilled water. E~ress the result as the ratio, a/(a-b). 
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Results. Chips of the particle size study series were compared with 
chips of commercial cellulose acetate flake. The results are given in 
Table 10. The specific gravity of the acetylated lignocellulose falls 
slightly above that of the virgin flake. 
Table 10 
Specific gravity of molded products 
'IYater absorption 
Sample 
PM-3 
8 
9 
10 
11 
Specific gravity 
1.316 
1.329 
1.329 
1.332 
1.344 
The degree to which a molded article resists the absorption of water 
is an important physical property, especially when electrical applications 
are being considered. 
Procedure. Weigh melded chips (a). Condition for 24 hrs. at 50°+ SoC. 
Cool in desiccator and weigh (b). Immerse on edge in distilled water for 
24 hrs at 25°C. Wipe with dry cloth and weigh (c). Condition for 24 hrs. 
at 500 + SoC; cool in desiccator and weigh (d). Calculate initial loss, a-b, 
-
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increase in weight~ c-b, solubles, b-d, and total water absorbed, which 
equals the increase in weight plus the solubles. Express initial loss on 
the basis of original weight and express other values on the basis of the 
conditioned weight. 
Results. The data in Table 11 shows the comparative resistance to 
water absorption of the particle size study series. They all compared fav-
orably with the virgin flake molded similarly. Compounding with plastici-
zers, pigments, or fillers, would, of course, change these values somewhat, 
depending on the nature of the adjuvant. 
Sample 
PM-3 
8 
9 
10 
11 
-Flow properties 
Table 11 
Water absorption of molded products 
Initial loss 
0.96 
0.40 
0.34 
0.64 
0.71 
Increase 
4.84 
4.93 
,3.21 
2.74 
3.25 
Per cent 
Solubles 
o 
o 
o 
o 
0.18 
Water absorbed 
4.84 
4.93 
3.21 
2.74 
3.43 
An extrusion die was designed to be used in the Carver laboratory 
press. It contained a l~ in. diem. cylinder with a 1/16 in. diem. orifice. 
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Procedure. Heat the die to 2000 C. Load the die with 10 grams of a 
composite mixture of batches 3,4,6,and 7. Close the die to 2400 p_s.i. 
and observe the length of extruded beading at equal intervals of time. 
Results. The beading curled so badly on extrusion that it was im-
possible to measure its length accurately for comparison with ony other 
materials. However, it, did extrude nicely under these conditions, indicat-
ing that molding powder of similar material could be fabricated by extru-
sion methods. 
Impact strength 
Some indication of the relative strength of the acetylated lignooell-
ulose as compared to co~nercial plastics was desirable, and as a criterion, 
the impact strength by the Charpy method was chosen. 
Procedure. Mold 15 g. bars with dimensions of t in. x 5 in. in a gas-
heated oompression molding die. Notch parallel to direotion of pressing 
and break in Charpy-type impact strength machine. 
Results. Values obtained for commercial cellulose acetate and batches 
8,9,10, and 11 are given in Table 12. 
Discussion. Although the acetylated lignocellulose falls slightly 
below virgin cellulose acetate flake (PM-3) in impact strength, the diff-
erence is small when oompared with the increase in strength possible through 
plasticization. The Tenite I material, a low-softening, injection type 
cellulose acetate molding powder, exhibited an impact strength of alroost ten 
times that of unplasticized flake. It is possible that plasticization of 
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the lignocellulose acetate might cause a similar effect. 
Table 12 
Impact Strength Measurements 
Material Ft.-lb. per in. of notch 
Batch No. 8 0.09 
Batch No. 9 0.08 
Batch No. 10 0.09 
Batch No. 11 0.09 
PM-3 0.13 
Tenite I 1.1 
Chenucal resistance 
In order to obtain some idea of the relative resistance of molded 
lignocellulose acetate to various chemical reagents which might be encoun-
tered in its application, chips of batch 10 were exposed in a manner sim1-
lar to that described in ASTM: D543. 
Procedure. Weigh, and measure the width and thickness of pieces of 
l 1 . . E molded lnaterial about 2 in. X4 ~n. x 1 ~n. xpose to the action of four-
teen different chemical reagents for 4 days at room temperature. Dry, re-
weigh, and re-measure. Report any change in weight or dimensions as per 
cent of the original value and note the appearance of the solvent and the 
chip after exposure. 
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Results. The results of this experiment are listed in Table 13. Chem-
ical resistance of molded lignocellulose acetate. 
Table 13 
Chemical resistance of molded lignocellulose 'acetate 
Solvent Per cent increase in Appearance of 
Weight Thickness Width Solvent Chip 
3% sulfuric 6.8 2.8 1.6 clear unchanged 
acid 
30% sulfuric 4.3 1.2 0.4 clear unchanged 
acid 
1% sodium 13.3 7.9 4.2 medium brown 'slight surface 
hydroxide swelling 
10% sodium 82.1 52.0 19,9 dark brown swollen and 
hydroxide cracked 
W;~ ethanol 2.2 3.0 2.2 clear extremely slight 
surface swelling 
95% ethanol 0.0 1.8 1.0 clear extremely slight 
surface swelling 
Acetone dark brown completely dis-
integrated 
Ethyl acetate 41.9 53.5 16.9 light brown soft and weak 
'Skelly B' 0.0 0.0 0.2 clear unchanged 
Dichloro- light brown partially dis-
ethane(l,2) integrated 
Carbon 0.0 0.8 0.2 clear unchanged 
tetrachloride 
Toluene 0.0 0.4 0.2 clear unchanged 
Solvent 
10% sodium 
chloride 
Distilled 
water 
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Table 13 (continued) 
Per cent increase·in Appearance of 
Weight Thickness Width Solvent Chip 
3.4 4.7 0.8 clear unchanged 
5.2 3.5 2.2 clear unohanged 
Discussion. The material seems suitable for use when exposed to acid 
(3% - ~fo sulfuric acid). alcohol (50% - 95% ethanol), hydrocarbons (Skelly 
Br, toluene), carbon tetrachloride, distilled water, and 10% salt solution. 
It is apparently unsuitable for alkali (1% - 10% sodium hydroxide), acetone, 
ethyl acetate, and dichloroethane (1,2). v1hile this is by no means a com-
prehensive survey of chemical resistance, the major reagent types are in-
eluded. However, any particular application under consideration would re-
quire a more minute study of chemical effects on all the critical physical 
properties. 
Economical 
No study of this type would be complete without some attempt to place 
the proposed product alllong its competitors in respect to price. Admitt-
edly, such a comparison will be, at best, only an approximation because of 
the assumptions involved, as well as because of the uncertainties in scal-
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ing up any process from laboratory to full plant size. Nevertheless~ suoh 
an a~proximation can be made. 
The following assumptions are considered valid in the light of pre-
sent knowledge. 
1. The cost of the lignocellulosic residue is $0.01 per lb. 
(Brown's estimate). 
2. The yield of: lignocellulose aoetate is 130% by weight of the 
oven-dry lignocellulose. 
3. The product contains 45% combined acetic acid. 
4. The allowances for overhead~ including labor~ and for profit, 
are 50% and 10%, respectively, of the raw materials cost. 
The raw materials cost for one batch of lignocellulose acetate, based 
on 100 pounds of lignocellulosio residue, containing e.1o moisture, may be 
tabulated as follows. using current prioes for all ingredientss 
Table 14 
Raw materials cost per 100 lb. of raw materials 
Ingredient Lb. $/lb. 
Lignocellulose 100 0.010 1.00 
Acetic anhydride 180 0.135 24.30 
Acetio acid 1000 0.105 105.00 
Sulfuric aoid 6 0.008 0.05 
Total cost 130.35 
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The lignocellulose ucetate iTom this batch will amount to 100 x 0.94 
x 1.3 or 122 lb. 
If the product contains approximately 45% COlnbined acetic acid, the 
acetic acid available for recovery will be equal to the acid originally 
added to the acetylation mixture as a solvent, plus all the acid resulting 
from the reaction of the acetic anhydride with the lignocellulose and vdth 
the water present in the acetylation mixture. This may be calculated as 
follows: 
1. 180 lb. of acetic anhydride is equivalent to 212 lb. of ace-
tic acid when completely hydrolyzed. 
2. The acetylated lignocellulose carries with it 55 lb. of ace-
tic acid. 
122 x 0.45 = 55 
3. This leaves 157 lb. of acetic acid available for recovery. 
212 - 55 
-
-
157 
4. Plus 1000 lb. of acetic acid originally added as such, mak-
ing a total of 1157 lb. The theoretical yield per batch is shown in 
Table 15. 
The cost of the lignocellulose acetate will be quite dependent on the 
recovery of the acetic acid. If the recovery amounts to 99% of theoretical. 
as has been reported, the plastic might sell profitably for about $0.13/1b. 
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Table 15 
Yield per 100 lb. of raw materials 
product 
Lignooellulose acetate 
Acetio acid 
Weight 
122 lb. 
1157 lb. 
The profitable selling price of the plastic, if the recovery of acet-
ic acid amounts to 9~/o of theoretical, is derived as follows: 
1157 x 0.99 = 1146 lb. of acid recovered 
1146 x $0.105 = $120.30, value of acid recovered 
$130.35 - $120.30 : $10.05, to be assigned to product 
$10.05/122 : $0.0823/1b., raw materials cost 
$0.0823 x 1.6 = $0.1318!lb., profitable selling price 
If the recovery of acetic acid were as low as 90%, the selling price 
would have to be doubled to make the same percentage profit. This is de-
rived as follows; 
1157 x 0.90 = 1040 lb. of acid recovered 
1040 x $0.105 = $109.20, value of acid recovered 
$130.35 - $109.20 : $21.15, to be assigned to product 
$21.15/122 = $0.1733/1b., raw materials cost 
$0.1733 x 1.6 = $0.2775!lb., profitable selling price 
The market price of the lignocellulose acetate should then be $0.13 
to $0.28 per pound, depending on the acid recovery. 
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In this price range such a molding powder might compete favorably with 
the slightly higher priced cellulose acetate, in applications in which 
color possibilities are not important. The lignocellulose acetate molding 
powder would have a definite advantage over phenol-formaldehyde resins, 
which are in the same price range, because of its thermoplastic nature. 
Figure 8 shows graphically the importanoe of finding a us~ for the 
lignocellulosic residue from the Bro\'1U process. If the process were in-
stalled at a hemp plant, over one-half of the hemp which the producer de-
livered to th~ mill would end up as lignocellulosic residue. It should 
be mentioned that Brown's estimate of $0.01 per pound for the lignocellu-
lose assumes that there will be a market for all the furfural and lignin 
produced in the process. Uses for this particular type of lignin are 
still in the laboratory stage. 
CONCLUSIONS 
1. The residue from the Brown Process for hemp hurds consists prin-
cipally of cellulose and lignin in the ratio. of 2 to 1. 
2. With acetio anhydride this material can be acetylated to combined 
acetic acid contents of z,1o to 47%. 
3. The lignocellulose acetate thus obtained can be molded with heat 
and pressure into simple shapes such as bars and disks. 
4. Y,I'hile samples containing 2% combined acetic acid are extremely 
moisture sensitive and disintegrate when exposed to liquid water, samples 
containing 40% or more combined acetic acid are water resistant and re-
semble closely commercial cellulose acetate in physical properties. 
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SUMMARY 
The residue from the Brown Process for hemp hurds was analyzed and 
found to be somewhat similar to wood in chendcal composition" consisting 
principally of lignin and cellulose. Although fairly coarse as received -
85% was retained by a 20 mesh Tyler screen - the residue could be ground 
readily in standard size-reduction equipment" such as a Wiley mill or a 
"11ikropulverizer". 
Residue of various screen sizes was acetylated with acetic anhydride 
in the presence of sulfuric acid and acetic acid. The degree of acetyla-
tion was controlled by varying the ratio of acetic anhydride to lignocellu-
lose and could be varied from 2,%" the combined acetic acid content of the 
raw material, to 47% combined acetic acid. 
It was possible to prepare the acetylated product ,vithout a pre-
treatment" such as an acetic acid digestion" and without a hydrolysis per-
iod following the acetylation" both of which are usually a part of the 
commercial cellulose acetate procedure. While the omission of these steps 
decreased the cost of manufacture" the advisability of doing so was not 
conclusively demonstrated fronl the standpoint of physical properties. 
During the acetylation the product dissolved in the acetic acid to 
form a thick syrup" which was poured into water in order to precipitate 
the lignocellulose acetate" which was digested in hot water" neutralized 
"lith sodium carbonate, filtered, washed" and dried below 100°0. The yield 
of dried lignocellulose acetate was about 130% by weight of the original 
oven-dry lignocellulose used in ~he acetylation. 
The dried material was pre-formed in standard compression molding 
equipment into bars and chips which were conveniently handled. With the 
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application of heat as well as pressure~ well-bonded artioles were pro-
duced. Although molded chips with low oombined acetic acid content showed 
little resistance to attack by water~ chips with higher combined acetio 
acid content (40 - 47%) exhibited good water resistance and seemed quite 
si~lar to virgin cellulose acetate in physical properties, vdth the ex-
ception of alkali resistance. 
The determining factor in the estimated selling price of this material~ 
as a base for plastic oompositions, for e~4ple, was the efficiency of the 
acetic acid r3covery process. With a highly efficient recovery system, 
the unplasticized flake might be sold economically for $0.13 per pound. 
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